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Abstract A series of silica nano-particles with different
size were prepared by sol–gel technique, then surface
modification by using cyclic carbonate functional organ-
oalkoxysilane (CPS) was performed. Various amounts of
carbonated silica particles directly added into carbonated
soybean oil (CSBO) and carbonated polypropylene glycol
(CPPG) resin mixture to prepare polyurethane–silica
nanocomposite coating compositions by nonisocyanate
route using an aliphatic diamine as a curing agent. Cup-
ping, gloss, impact, and taber abrasion tests were
performed on aluminum panels coated with those nano-
composite formulations and tensile tests, thermogravimet-
ric and SEM analyses were conducted on the free films
prepared from the same coating formulations. An increase
in abrasion resistance of CSBO-CPPG resin combination
with the addition of silica was observed. In addition, the
maximum weight loss of CSBO-CPPG resin combination
was shifted to higher temperatures with incorporation of
silica nano-particles The positive effect of modified silica
particles on thermal stability of CSBO-CPPG system could
be explained in such a way that PPG chains are able to
disperse particles in the medium throughout the interac-
tions between ether linkages and silanol groups.
Keywords Silica  Nonisocyanate polyurethane 
Nanocomposite  Cyclic carbonate
1 Introduction
In recent years, the development of polymer nanocom-
posites has offered promise for yielding materials with
excellent performances compared to conventional com-
posites [1]. They represent a new class of composite
materials, where an inorganic phase is dispersed at a
nanoscale level into a polymeric matrix; among them
polymer–SiO2, polymer–TiO2 and polymer–clay nano-
composites are within the most searched [2–6]. The early
works on nanocomposite materials demonstrated that the
enhancement of mechanical and thermomechanical prop-
erties is definitely higher in the case of nanosized fillers
with respect to micron-sized dispersed. [7, 8] In case the
ultra-fine phase dimensions of the nanoparticles are main-
tained, such nanocomposites are much lighter in weight,
transparent and easier to be processed than conventional
inorganic particulate filled polymers since they possess a
significant improvement in both rigidity and toughness. [9]
In addition, they also acquire some special properties like
barrier properties towards gases [10] and reduction of
flammability. [11] As the nano-scale morphology plays an
important role in achieving desired and tunable macro-
scopic properties, to obtain a better compatibility between
the filler and the host polymeric materials is necessary [12].
The surface modification of the inorganic nanoparticles by
using acrylic/vinylic or epoxy functional trialkoxysilanes is
recommended [13]. The formation of chemical bonds
between the inorganic and organic components is expected
to be of great importance to guarantee a durable chemical
junction between the two incompatible phases [14–17].
Polyurethanes (PU) produced with conventional meth-
ods are used world wide on a large scale for foam, fiber,
adhesive and coating applications so forth. They are syn-
thesized via the reaction between isocyanate oligomers and
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polyol oligomers. During this process, inevitable use of
isocyanates makes polyurethane production quite toxic and
dangerous. Despite the extremely toxic nature of isocya-
nates, polyurethanes made enormous market penetration
following the second world war. Especially, the extreme
flexibility in the production of polyether polyols with dif-
ferent structures was the distinct reason behind this
tremendous market gain of PU. Early days of the intro-
duction of polyurethanes, available technology and
attraction of production cost were the prime factors for a
commercial success. However, in the last two decade;
harmony between technology, economy and ecology
became dictating factor introduction of new methods and
materials. In this sense, cyclic carbonates are a class of
materials drawing attention for their potential use in
environmental-friendly PU technology [18]. Cyclic car-
bonates can be synthesized from epoxy compounds or
oligomers [19–31]. Network or linear non-isocyanate
polyurethanes are synthesized by the reaction of cyclic
carbonates with aliphatic diamines [32–38]. This reaction
produce neither volatile nor non-volatile by-product, but do
produce intermolecular hydrogen bridges at which the
susceptibility of the polymer back-bone to hydrolyze
lowers. The lethal dose of meta-xylene diamine which is
the most toxic diamine compound used in non-isocyanate
polyurethane production is 20–40 times lower than that of
the most used polyisocyanate, diphenylmethane diisocya-
nate [39].
The main objective of this work is to development of
environmentally friendly polyurethane–silica nanocom-
posite coatings with good thermal and mechanical
properties. To accomplish this aim, a novel cyclic car-
bonate functional organoalkoxysilane (CPS) coupling
agent was synthesized and used for the modification of
silica particle surface. The cyclic-carbonate functional
resins and modified silica particles were used to prepare
nanocomposite coating formulations with 0–4 wt% silica
content. Finally the formulations were cured with a dia-
mine to form nano-composite coatings by means of a non-
isocyanate route. Cupping, gloss, impact, and Taber abra-
sion tests were performed on aluminum panels coated with
those nano-composite formulations and tensile tests, DCS,
TGA and SEM analyses were conducted on the free films
prepared from the same coating formulations.
2 Experimental
2.1 Materials
Epoxidized soybean oil (ESBO) with 4.10 epoxy groups
per triglyceride molecule was kindly supplied from Cognis
Turkey. Polypropyleneglycol diglycidylether (PPG-DGE)
with a molecular weight of 640 g/mol, 3-Glycidyloxypro-
pyl trimethoxysilane (GPTMS) and Tetrabutylammonium
bromide (TBAB) were purchased from Sigma-Aldrich.
Tetraethylorthosilicate (TEOS), pyridine and butylenedi-
amine (BDA) were purchased from Merck AG. BYK-331
was obtained from BYK Chemie. Carbondioxide was used
after passage through a silica gel column. All other
chemicals were of analytical grade and were purchased
from Merck AG. Anode oxidized aluminum panels
(75 mm 9 150 mm 9 0.82 mm) were used as substrates
in all coating applications.
2.2 Synthesis
2.2.1 Preparation of silica particles
The silica sols were obtained from five different formula-
tions given in the Table 1 according to Stro¨ber method
[40]. TEOS and half volume of ethanol were charged into a
round-bottom flask and heated to 50 C. Then ammonia,
water and the remaining half of ethanol were added and
stirred magnetically for 10 h at the same temperature. The
TEOS was hydrolyzed to form Si(OH)4 which then con-
densed to form silica particles. The silica particles were
washed with dichloromethane and dried at 110 C before
being used in the polyurethane matrix.
2.2.2 Carbonate functionalization of silica particles
GPTMS with 5 wt% of TBAB catalyst was charged into a
round-bottom reactor and heated to 110 C in CO2 stream
and stirred for 24 h. The reactor was then cooled to room
temperature, unreacted CO2 was vented out, catalyst was
separated by centrifugation. Then, carbonate functional
silane coupling agent (4-((3-(trimethoxysilyl)propoxy)
methyl)-1,3-dioxolan-2-one, CPS) and silica particles hav-
ing M4 formulation were mixed and stirred for further 20 h
at 65 C. Then, the non-bonded CPS was removed by
centrifuge and dichloromethane extraction. A representa-
tion of this reaction is shown in Scheme 1.
Table 1 Silica sol formulations
M1 M2 M3 M4 M5
TEOS
(mmol)
10.0 10.0 10.0 10.0 10.0
C2H5OH
(mmol)
165.0 165.0 165.0 165.0 165.0
NH3 (mmol) 6.0 6.0 4.0 10.0 5.0
H2O (mmol) 40.0 80.0 80.0 20.0 80.0
Partical size
(nm)
237 ± 86 321 ± 29 194 ± 55 165 ± 31 275 ± 45
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2.2.3 Carbonate modification of epoxy resins
In this stage, two different type of epoxy resins were used;
ESBO and PPG-DGE. The modification of ESBO was
performed in a closed vessel at 110 C and 65 psi CO2 by
TBAB catalysis for 12 h, whereas the modification of PPG-
DGE was performed in supercritical conditions (1,500 psi)
at 80 C in 48 h using the same catalyst. A representation
of this reaction is shown in Scheme 2.
2.2.4 Preparation of polyurethane-silica nanocomposite
coatings and free films by non-isocyanate route
The various amounts of silica particles were added into
ethanol, pyridine (as catalyst) and BYK (as wetting agent)
mixture and kept in a sonication bath for 30 min. Then a
known amount of carbonate modified resins (CSBO and
CPPG) were added into the formulation and mixed thor-
oughly at 150 rpm for 10 min until become clear and
homogeneous . Finally BDA was added as a hardener and
stirred 10 min additionally. The composition of all coating
formulations is given in Table 2. In order to remove air
bubbles formed during mixing; the beaker content heated
to 35 C then kept under gentle vacuum for 10 min without
upsetting the composition. After removal of air bubbles,
the prepared formulations were applied on to aluminum
panels using a wire gauged bar applicator in order to obtain
uniform thickness of 30 lm and left at 75 C for 24 h to
cure.
Moreover, hybrid free films were prepared by pouring
the liquid formulations on to a TeflonTM mold
(10 mm 9 50 mm 9 1 mm) and cured at 75 C.
2.3 Characterization
FT-IR spectra were recorded on Shimadzu 8300 FT-IR
spectrometer. The solid state cross-polarization (CP)/
magic-anglespinning (MAS) NMR spectra were recorded
using a Varian Unity Inova spectrometer operated at
500 MHz. SEM (Scanning Electron Microscope) imaging
was performed on a JEOL-JSM-5919LV. SEM micro-
graphs were taken by dropping sols on carbon platform and
drying under vacuum before gold-sputtering. Thermo-
gravimetric analyses (TGA) were conducted with Netzsch
STA 409 CD while nitrogen purging using a heating rate of
10 C/min over the temperature range of ca. ambient to
750 C. Differential Scanning calorimetry (DSC) analyses
of the films were obtained using Perkin–Elmer DSC Pyris
Si
O
Si
O O
OR
OR
OR
Si-O-Si-O-Si
OH
OH
O
H H
O
Si
O
O
HO
Si-O-Si-O-Si
O
O
Si
O O
O
O Si
O
O
O
O
O O
CO2 , 110 oC
TBAB
OR OR
OR
O
O
O
(R)-trimethoxy(3-(oxiran-2-ylmethoxy)propyl)silane (S)-4-(trimethoxysilyl)propoxy)methyl)-1,3-dioxolan-2-one
O
O
O
R
hydrolysis
-  CH3OH
condensation 20h, 65 oC
Carbonate functional silica particles
Scheme 1 Synthesis of
Carbonate Functional Silica
Particles (M4CPS)
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Diamond model device. Samples were run under a nitrogen
atmosphere from -80 C to +80 C with a heating rate of
10 C/min. The coating properties were measured in
accordance with the corresponding standard test methods.
This includes Gloss (ASTM D-523-80), Cross-cut (DIN
53151), impact (ASTM D-2794-82), MEK rub test (ASTM
D-5402) and cupping test (DIN 53156).
The abrasion resistance of the coatings was determined
by subjecting the coated substrate to a standardized Taber
abrasion test (ASTM D4060). CS10 wheels were used with
a 250 g load on each wheel, and the substrates were
abraded cumulatively to 100 cycles.
Mechanical properties of the free films were determined
by standard tensile stress–strain tests to measure the modulus
(E), ultimate tensile strength (r) and elongation at break (e).
Standard tensile stress–strain experiments were performed at
room temperature on a Materials Testing Machine Z010/
TN2S, using a cross-head speed of 10 mm/min.
3 Results and discussion
In this study polyurethane/silica nanocomposites were
prepared by nonisocyanate route and their coating perfor-
mance was investigated. Soybean oil and PPG based PU
coatings were reinforced by cyclic-carbonate-modified
silica nanoparticles. This new product combines the low
cost advantages of vegetable oils and nanocomposite
technology for getting higher performance and environ-
mentally friendly nonisocyanate coating technology.
The morphology of prepared silica particles (M1–M5)
were analyzed by SEM. The morphology of M4 particles
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Scheme 2 Synthesis of
carbonate modified CSBO and
CPPG resins
Table 2 Polyurethane–silica
nanocomposite coating
formulations
a BYK/Ethanol solution
(2 wt%)
b Pyridine/Ethanol solution
(4 wt%)
Sample % Silica M4CPS (g) BYKa (mL) CSBO (g) CPPG (g) BDA (g) Pyridineb (mL)
CSBO-CPPG-0 0 – 2.5 15.0 15.0 5.13 5.0
CSBO-CPPG-05 0.5 0.15 2.5 15.0 15.0 5.14 5.0
CSBO-CPPG-1 1.0 0.30 5.0 15.0 15.0 5.15 5.0
CSBO-CPPG-2 2.0 0.60 10 15.0 15.0 5.16 5.0
CSBO-CPPG-4 4.0 1.20 20 15.0 15.0 5.17 5.0
CSBO-0 0 – 2.5 30.0 – 5.74 5.0
CSBO-05 0.5 0.15 2.5 30.0 – 5.75 5.0
CSBO-1 1.0 0.30 5.0 30.0 – 5.76 5.0
CSBO-2 2.0 0.60 10.0 30.0 – 5.77 5.0
CSBO-4 4.0 1.20 20.0 30.0 – 5.78 5.0
J Sol-Gel Sci Technol (2008) 47:290–299 293
123
was given in Fig. 1 representatively. SEM investigation
demonstrated that all particles are spherical in shape as
expected, the mean particle diameters were changed in the
range of 165–321 nm as given in Table 1. As seen in
Table 1, at constant TEOS concentration, ethanol, water
and ammonia concentrations significantly affect the parti-
cle size. With increasing the concentration of ammonia the
particle size increases. Matsoukas and Gulari reported that
ammonia promotes hydrolysis and condensation rate,
resulting in faster kinetics and larger particles [41]. On the
other hand at constant ammonia concentration, a decrease
in the particle size of silica particles from 321 nm to
237 nm with decreasing water concentration from 80 mM
to 40 mM can be seen. It was reported previously that in
the presence of high water concentration, a lots of sub-
particles are produced due to higher nucleation rate and the
strong hydrogen bonding between them leads to agglom-
eration. As a result larger particles are obtained at higher
water concentration [42–44]. For surface modification we
chose the particles M4 due to their relatively smaller size
(165 nm), perfect spherical shape and homogeneity.
The carbonate functional silane-coupling agent (CPS)
synthesized from GPTMS. Synthesis process was followed
by FT-IR (Fig. 2). The peak that is not present in GPTMS
spectrum, but persists in CPS spectrum intensively at
1,797 cm-1 was attributed to the carbonyl of cyclic car-
bonate structure and the one which is present in GPTMS
spectrum, but disappeared in CPS spectrum at 906 cm-1,
was attributed to epoxy groups. From these results it is
concluded that CPS synthesis was achieved successfully.
Figure 3a and b show the FT-IR spectra of silica particles
(M4) and carbonate functional silica particles (M4CPS),
respectively. In Fig. 3b, the peak at 1,792 cm-1 was attrib-
uted to carbonate carbonyl so that the existence of carbonate
groups on the particles has been proved. Scheme 1 depicts
the synthesis route of M4CPS. In surface modification CPS
acts as a coupling agent bearing reactive carbonate groups.
Here the coupling molecule allows the anchoring of car-
bonate groups to the inorganic silica surface. In this case the
bonding results from the facile formation of strong Si–O–Si
bonds between the inorganic phase and organosilane. The
carbonate modification of the silica surface was investigated
by TGA analysis. Figure 4 shows that, 21 wt% of weight loss
is related with organic part and the residual part (79 wt%) is
due to the silicon dioxide.
Fig. 1 SEM micrograph of M4 particles
Fig. 2 FT-IR spectra of GPTMS and CPS
Fig. 3 FT-IR spectra of (a) M4; (b) M4CPS
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On the other hand, the carbon dioxide addition to ESBO
and PPG-DGE oxirane groups were followed and charac-
terized by FT-IR (Figs. 5 and 6) and 13C-NMR (Fig. 7),
respectively. Scheme 2 depicts the synthesis route of
CSBO and CPPG resins. As can be seen from Fig. 5 the
adsorption band at 1,805 cm-1 was attributed to cyclic
carbonate group and the ones at 817 and 841 cm-1 were
attributed to epoxy group, that means all epoxy groups
were converted into cyclic carbonate structure. In addition
in Fig. 6, the characteristic peak for cyclic carbonate
functionality was observed at 1,800 cm-1. Figure 7 shows
the 13C-NMR spectra of the CPPG resin. Three peaks are
evident in the 13C-NMR spectra, an increase in the inten-
sity of the peak at 155 ppm from carbonyl carbon of cyclic
carbonate and decrease in the intensity of the peaks at 44
and 52 ppm from carbon atoms of epoxy structure prove a
successfully synthesized of cyclic carbonate resin
(CPPG)[33].
A total of 10 different coating formulations were pre-
pared by mixing appropriate amounts of carbonate resins
with amine crosslinker. In the formulations CSBO resin
and CSBO-CPPG resin mixture (50:50 wt%) were used to
obtain organic matrix. To overcome poor dispersion of
silica particles in the hydrophobic CSBO resin, mixture
comprised of CSBO and CPPG with equal weight ratios
were prepared. Single phase resin mixture were prepared
and used in the formulations. Non-isocyanate polyurethane
nanocomposite coatings on aluminum panels were pre-
pared by thermal curing method and characterized. The
feed compositions are collected in Table 2.
The thermal properties of the hybrid coatings were
characterized by DSC and TGA analyses. In Fig. 8a, b the
DSC thermograms can be seen and evaluated data were
listed in Table 3. As it is shown in Fig. 8a, the CSBO based
coating have a single Tg around -15.2 C and a narrow
endotherm at 60.7 C. The melting peak can be attributed
to the orientation of fatty acid units in the structure. The
incorporation of silica does not make significant effect on
Tg and Tm values. However as seen in Table 3, the Tg
values of silica containing CSBO-CPPG based coatings
Fig. 4 TGA thermogram of
M4CPS
Fig. 5 FT-IR spectra of ESBO and CSBO
Fig. 6 FT-IR spectrum of CPPG
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shifts 5 C approximately from 13 C to 18 C. Moreover,
the CSBO and CPPG resin mixture shows only single Tg
which demonstrates the compatibility of two resins. For
CSBO-CPPG based coatings, the decrease in DH (enthalpy
of melting) shows that the crystallinity may be influenced
strongly by the silica amount.
TGA analyses were conducted for the formulation,
which contains 0, 1, and 4% (wt) silica particles in air
atmosphere. The evaluations of the thermograms are shown
in Table 4. One can see that all samples exhibited 5 wt%
weight loss between 125 C and 170 C. This could result
from evaporation of alcohol or moisture adsorbed on silica
particles and the excess amount of BDA and pyridine used
while curing. On the other hand, the formulations, which
consist of only CSBO, are degraded at single step, whereas
the formulations consist of CSBO-CPPG are degraded in a
Fig. 7 13C-NMR spectra of
CPPG
Fig. 8 DSC curves for (a) CSBO based nanocomposite and (b)
CSBO-CPPG based nanocomposite coatings
Table 3 DSC analysis of CSBO and CSBO-CPPG based nanocom-
posite coatings
Tg (C) Tm (C) DH melting (J/g)
CSBO-0 -15.2 60.7 0.079
CSBO-2 -15.4 63.3 0.196
CSBO-4 -15.7 60.0 0.041
CSBO-CPPG-0 13.3 63.1 0.649
CSBO-CPPG-2 18.6 60.1 0.155
CSBO-CPPG-4 18.9 59.5 0.119
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two-step manner. Neat CSBO coating is degraded at
345 C and CSBO-CPPG coating is degraded at 330 and
435 C. It is assumed that, the first weight loss at 330 C
belongs to CSBO units while the second weight loss at
435 C may be due to the CPPG structure [45]. The
maximum weight loss temperature for 4 wt% silica parti-
cles containing CSBO is shifted to 350 C. Furthermore,
though CSBO-CPPG-0 degrades in two steps, CSBO-
CPPG-4 degrades interestingly in a single step. The posi-
tive effect of modified silica particles on single step
degradation of CSBO-CPPG system could be explained in
such a way that PPG chains are able to disperse particles in
the medium throughout the interactions between ether
linkages and silanol groups. The compatibility of the CPS,
CSBO and CPPG system increases. Therefore better
interaction on the molecular level was attained after
crosslinking reaction. Eventually, the maximum weight
loss at 330 C was raised to 370 C.
Figure 9a, b show the trend of tensile strength, elonga-
tion at break and Young modulus of CSBO and CSBO-
CPPG based PU nanocomposite coatings. The evaluated
data was listed in Table 5. Young’s modulus and stress at
break of CSBO formulations increased up to 2 wt% silica
content, but decreased with the addition of 4 wt%. Silica
content has no considerable effect on elongation at break.
This material shows stronger and harder properties with
increasing silica content. However with further increase in
silica content, silica aggregates makes the coating brittle. In
the formulations prepared by CSBO-CPPG, while silica
has no effect on Young’s modulus, it increased elongation.
It is assumed that the compatibility between silica and
polypropylene glycol structure is higher than soy bean oil
based resin. Silica particles disperse better in the CSBO-
CPPG resin and they behaves as a filling material by
increasing the impact strength of the coating. Overall, more
durable and ductile materials were achieved.
The coated aluminum panels were subjected to perfor-
mance tests, which are gloss, Taber abrasion, impact,
cupping, cross-cut and MEK rubbing. These results are
shown in Table 6. Each result reported is an average of
four separate measurements performed. After impact and
cupping tests applied on coated panels, no damage could be
seen on coatings. In cupping tests, at the moment that the
Aluminum panels itself begins to break off, the polymeric
coating stays still. This would indicate that films tend to be
hard and strong [14]. The cross-cut adhesion experiments
showed that 100% adhesion was reached for all coating
compositions. As can be seen in Table 4, the gloss of
Table 4 TGA analyses of free films
5 wt%
weight
loss (C)
Max
weight
loss (C)
2nd
weight
loss (C)
Char
yield (%)
CSBO-0 125 345 – 0.4
CSBO-1 120 345 – 1.3
CSBO-4 125 350 – 3.2
CSBO-CPPG-0 145 330 435 0
CSBO-CPPG-1 170 360 435 1.6
CSBO-CPPG-4 145 370 – 3.0
Fig. 9 Stress–Strain data for (a) CSBO and (b) CSBO-CPPG free
films
Table 5 Stress–strain analysis of coatings
Young
modulus, MPa
Stress at
break, MPa
% Elongation
CSBO-0 5.31 2.87 11.12
CSBO-05 6.43 3.93 10.21
CSBO-1 8.34 4.01 9.60
CSBO- 2 9.66 6.25 11.06
CSBO-4 3.97 3.87 9.75
CSBO-CPPG-0 2.90 2.77 15.26
CSBO-CPPG-05 2.39 2.77 20.73
CSBO-CPPG-1 2.25 2.79 20.61
CSBO-CPPG-2 2.29 3.27 22.61
CSBO-CPPG-4 3.29 4.03 22.08
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coatings, for CSBO formulations taken at 20 decreases
steadily with increasing silica content, whereas the mea-
sured values for CSBO-CPPG resin combinations
increased up to 1 wt% silica content. At higher contents,
gloss does not affected appreciably. For CSBO system the
decrease in gloss may be attributed to phase separation
between silica particles and organic coating.
The solvent resistance of coatings was also examined by
performing MEK rubbing test. CSBO coatings with 4 wt%
silica content were unaffected by 400 double rubs. As can
be seen in Table 6, CSBO coating resistance to MEK
double rubs increase with silica contents. MEK rub resis-
tance may also give an some indication of the degree of
curing of a coating.
In Taber abrasion tests silica could not significantly
affect the abrasion resistance of CSBO system. However,
an increase in abrasion resistance of CSBO-CPPG system
up to 2 wt% silica was observed, afterwards the resistance
decreased again.
Figure 10a, b show the surface morphology of the
hybrid material; CSBO-CPPG-1, and CSBO-1, respec-
tively. SEM analyses of composite materials showed that,
soybean oil based polyurethane fails to disperse the silica
particles comparing to CPPG based one. The aggregation
and phase separation can be seen in the case of CSBO
based polyurethane–silica coating.
4 Conclusions
In this paper, environmentally friendly polyurethane–silica
nanocomposite coatings were developed. The silica parti-
cles about 150–200 nm in size were prepared successfully.
In addition, the synthesis of cyclic carbonate functional
alkoxysilane (4-((3-(trimethoxysilyl)propoxy)methyl)-1,3-
dioxolan-2-one, CPS) was reported firstly in this paper.
CPS was used to modify the surface of silica particles and
used as a coupling agent to improve the compatibility of
the organic phase and silica particles. The nonisocyanate
based polyurethane/silica nanocomposite coatings based on
cyclic carbonate functional soybean oil and polypropylene
glycol resins were prepared and their coating performance
was investigated. No demage was observed in the impact
strength of the coatings. The gloss of CSBO based coat-
ings, decreased steadily with increasing silica content and
Table 6 Physical and
mechanical characterizations
of coatings
a mg weight loss for 100 cycle
b Dropping 1 kg weight over
1 m
Gloss
(20)
Taber
abrasiona
Impact
strengthb
Cupping Cross-
cut
MEK
rubbing
CSBO-0 82 6.5 ± 0.3 No damage No damage 5B 200
CSBO-05 75 6.0 ± 0.3 No damage No damage 5B 300
CSBO-1 65 6.1 ± 0.2 No damage No damage 5B 330
CSBO-2 64 5.7 ± 0.2 No damage No damage 5B 350
CSBO-4 48 6.0 ± 0.1 No damage No damage 5B 400+
CSBO-CPPG-0 51 21 ± 0.2 No damage No damage 5B 80
CSBO-CPPG-05 71 16.6 ± 0.4 No damage No damage 5B 100
CSBO-CPPG-1 76 15.3 ± 0.3 No damage No damage 5B 120
CSBO-CPPG-2 75 7 ± 0.4 No damage No damage 5B 180
CSBO-CPPG-4 70 12.9 ± 0.2 No damage No damage 5B 190
Fig. 10 SEM images of (a) CSBO-CPPG-1 and (b) CSBO-1 films
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it was attributed to the compatibility problem between
inorganic and organic phases. Moreover with the addition
of CPPG into the formulation, the problem on gloss was
solved. The DSC studies also demonstrated that CSBO and
CPPG segments are compatible and has a single Tg around
13 C. The morphology studies indicate cyclic-carbonate-
modified silica nanoparticles could be dispersed in CPPG-
containing formulations better than soybean oil based for-
mulations and in this way the thermal, mechanical, and
coating properties of CSBO-CPPG based PU/silica nano-
composite coatings are improved as well.
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